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Page 8, equation (15): The sign preceding the first tern on the rfght- 
hand side of this equation should be minus instead of plus BO that 
the equt ion  reads 
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The appl icabi l i ty  of  a well-known f ini te-s tep method t o  the  calcula- 
t i on  of  subsonic  spanwise l a d  distribution,  l if t-curve alope, l a t e r a l  
center of P E S S U ~ ~ ,  and  aerodynamic center of unusul plan forms has been 
investigated.  Cmputing forms are presented to simplify  calculation of 
span loadings f o r  conventional swept, bf plan-form, and W plan-form wlngs. 
Tables of the downwash in   the  plane of a yawed vortex are pre8ented. 

Comparison of loading results by using x) steps with l if t ing-surface 
results indicated that the %step method generally  overestimated  the 
amount of loading a t   t h e  wing t ip .   Homer,   values  of lift-curve  slope, 
la teral   center  of pressure, aerodynamic center,  and loading shape  acro8s 
the  inboard  three-quarter a d s p a n  obtained by us ing  the %step method 
were genemlly i n  sat isfactory agreement wfth l if t ing-surface results. 
Although  use of an extra step a t  the . u F n g  t i p  provided 80me improvement 
in the  load d is t r ibu t ion  near  the  tip,  the  aver-all imgrovement did not 
appear t o  warrant the extra ,calculation time involved. For a  represen- 
ta t ive  W plan form, it wa8 found tha t  use of  x) steps prcrvided a span 
loading  that WE essent ia l ly  i n  agreement with 40-step results. 

The need t o  pravide maximum structural   strength and to eliminate 
undesirable  aeroelastic  phenoEna,  without  sacrificing  airplane  perfor- 
mance o r  compromising acceptable  stabil i ty and control  characteristics 
a t  any  speed, has stimulated  interest   in wings having very unusual plan 
forms. Comparisons of aerodynamic characterist ics o f  such Wfngs on a 
theoret ical-basis  have met with some df f f icu l t ies  in the past, became 
the  available wfng theories  generally ha6 not been  formulated in such 
a manner as t o  permit convenient and consistent  applications of the  theory 
to wings of widely  dffferent shapes. In the usual  formulation of the 
theory,  solutions baaed on Fourier  series" and sometFmes employing  "middle 
functions" - are used In  order t o  reduce the number of simultaneous 
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equations. Such solutions may be used  profitably  for wings having no 
abrupt changes i n  loading; however, for   the more extreme  cases,  such  as 
w i n g s  of  extreme sweep or  M and W plan forme, it i s  not  clear that aolu- 
t ion  of the  original simultaneous  equations  can be avoided. 

In the  present  paper,  solutions  of  span-load  distributions, lift- 
curve slopes, lateral   centers of  pressure, and aerodynamic centers  are 
obtained  through a consistent  application  of  generally  accepted mda- 
mentals of wing theory. The method involves  the uae of N horseshoe 
vorticea  placed  along  the  lifting  line and equating  the downwash angle 
a t  the  three-quarter chord to   t he   l oca l  wing incidence t o  form N / 2  
equations i n  N/2 udmowns. Solutions  of this  type  are saniewhat  cumbersome 
i f  performed with the usual  type  of  manually  operated computing equipment 
but  are  readily  adaptable  to  relay-type  digital computing machines. 

The method used in   the  calculat ions is  developed in   de ta i l .  Computing 
forms and formulas faci l i ta t ing  solut ion.for   the span-load distribution 
and various aerodynamic parameters are presented.  Applications of  the 
basic  20-step method have been made for  a  seri-ea of wings having widely 
different  plan forms, including unswept wings, swept w i n g a ,  triangular 
wings, and M and W wings. Comparisons of results  obtained by the present 
method and by currently available methods are made fo r  some wings, and 
the effects  of  several  modifications t o  the basic 20-step method have 
been i l lustrated.  . .  . . .  

SYMBOLS 

A 

A 

sweep angle of quarter-chord  line,  positive  for sweepback 

aspect  ratio (b2/S) 

x taper   ra t io  (Tip chord/Root chord) 

Kb spanwise position of  plan-form break fo r  M or  W wing 
b wing span 

S wing g=a 

C local  streamwise  chord - 

=av 

T' 

t 

X ,  Y 

fraction of  chord at which control-point  line is  located 

coordinates  of a point on the wing aurface with respect 
t o  axes of a given  horseshoe  vortex 

average  chord (S/b) 

mean aerodynamic  chord 
-b/2 
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1 

” x, p longitudinal  reference axes 

PY 9 coordinates of a point on the wing surface with respect 
to   roo t  quarter chord (see  f ig .  1) 

d YY Q lateral   reference axes 
N number of horseshoe  vorticea  acroes t o t a l  wing span 

B semiwidth of horseshoe  vortex 

dx, Y) downwamh velocity at any point (x, y) in  the phne of a 

F(xy Y) downwash ve loc i ty   a t  any point (x, y) caused by a 

horseshoe  vortex,  positive downward 

rectangular  horseshoe  vortex of unit  semiwidth and 
circulation strength equal t o  431 (numerical values 
given fn references 1 and 2) 

$, x, y) downwash ve loc i ty   a t  any point (x, y) caused by 8 yawed 
vortex of unit semiwidth and circulation  strength equal 
t o  4~ (numerical  values  presented i n  table  I> . 

Fvrl downwash coefficient;  the downwash at  any control  point P,, 
due to   t he  nth horseshoe vortex 

c 

K 
I 

r circulation strength 

r r* = - 

CL 

C Z  

a0 

a 

n a. c. 

lift coefficient (g) 
section lift coefficient 

section  lift-curve  slope 

angle of attack, radians 

lateral center-of-preseure  location,  percent semispan 

aerodynamic-center  position,  percent man aerodynamic 
chord 

I P mass density of a i r  

’ET, 



v free-stream  velocity 

M Mach  number 
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Subscripts  and abbreviations: 
L. 

n 

v 

LE 

TE 

number  designating a particular  horseshoe  vortex,  starting 
from left wing tip . .- 

number  designating a particular  control  point,  startfng 
from  left w i n g .  tip , . .. " 

leading  edge 

trailing  edge 

" 

i inboard 

0 outboard 

Wing  notation: . .  - 

In this  paper, wings are  designated  in  two forms: 

. .  

A - A - X for  untapered wings and  plan forma of intermediate  .taper 

A% A for  triangular wings, with A value indicating  leading-edge  sweep, 

For  example, 45-4-1 indicates a Mng havlng 45' sweepback,  aspect  ratio 4, 
and  taper  ratio 1.0; and  the  designation 4'3% A indicates a triangular 
wing with  leading-edge  sweepback  of 45O. I 

. .. * 

. -  

.. 

ANALYSIS 

Basic  Concepts 

- - 
In order  to  calculate  the  sublsonic  span  loading of an arbitmry 

wing, the  wing  may  be  replaced  by a system of N horseshoe  vortices along 
the  quarter-chord  line. An equal  .number of control points is taken along 
the  three-quarter  chord  line,  and  the  downwash  velocity fram the  total 
vortex  system 1s equated  to a e  component of free-stream velocity normal 
to  the  wing  chord  at  each  control  point.  Application of this, tangent- 
flow boundary  condition  for a symmetrical loading  provides a set of 
N/2  simultaneous  equations in the  N/2 unknown circulation  strength8 
across  the  semispan.  Solution of this  set of equations  provides  the 
span loading, and  hence  the lift slope and lateral  center of pressure 
of an arbitrary  plan form. The  location of the wing aerodynamic  center 
may be estimated  using  the  assumption  that  the  local  aerodynamic  center 
lies on the  quarter  chord ( a B  in reference 3), although  such an assumption 
is physically  incorrect. 
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In  the following derivation, a section  lift-curve slope of 2s i s  
b implied as a consequence of the three-quarter-chord concept. The vortices 

placed along the  l if t ing l ine  are of the us& rectangular horseshoe tm. 
(See fig. 1. ) 

Derivation of Method 

The pattern of vortices asd control  points used t o  compute a 10-atep 
spas loading i s  illustrated in  figure 1. 

The  downwash velocity in the plane of a rectangular horseshoe vortex 
is given by the expression 

where 

I 

and the x and y distances are eqressed in  horseshoe semispans (see p. 1% 
of reference 4). The values of F(x, y) are conveniently tabulated Fn 
references 1 and 2. 

Distributing an even  number N of horseshoe vortices having N control 
points across  the Wfng span (fig. l), the dmmsh  velocity at any of the 
control points Pv resulting from the N' horseshoe vortices is  

i n  which 

L 

h 
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For  cases of symmetrical loading and geometry,  the  dawnwash  at any 
of the  control  points Pv becomes " .a 

n=1 

with  the  coefficient FVn being  given  in terms of geometrical  distances 

measured  in  horseshoe  semispans, 

For a conventional  swept wing (fig. l), the  longltudilial  distance 
of any control  point from the  nth vortex is 

For unusual plan forms,  these  distances may be  determined  either  graphi- 
cally or analytically. An e-le of such a plan form  is  the W type 
shown  in  figure 2. The  longitudinal  distance  for  either M or W plan 
forms  having  linear taper over  the  semispan  is 

P, - P, - - - + K b ( t a n h y - t a n d  - 
A ( 1  + A )  

with  all  distances  expressed in horseshoe  semispans. 

For small angles,  the  tangent-flaw  boundary  condition 

may be applied  at  each  control  point  to  provide a sek of N/2 simultaneous 
equations  in  the N/2 unlcnarn circulation strengths from equation ( 5 )  : 

I 

. 
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For a symmetrical loading, solution of  the  set of N/2 simultaneous 
equations provides the unknown circulation strengths. 

Calculation of Loading Parameters 

A convenient form of the span-loading coefficient may be obtained 
from the relation 

Lift-curve  slope may be evaluated from the area under the symmetrical 
Span loading. ThU8, 

Lateral  center of preesure ia obtahed from the formula. 

If the aserlmption is made that  the  local aerdaynamic center lies on 
the  quarter chord of streararise wing sections,  the aerodynamic center of  
a conventional swept wing i s  given i n  terms of  lateral  center of pressure 
by equation (I) of  reference 3. Using the 8ame assumption f o r  an M or  a 
W wing of  linear  taper,  the aerodynamic center may be calculated from 
the  -step loading, using the relation 

2 

with a l l  distances conveniently expressed in w5ng semispane. 
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The chordwise location of the leading edge of the aerodynamic  chord bc' 
(expressed i n  semispans) i s  given by the  expression . .  

q - (1 
Use of  Yawed Vortices 

In.the preceding Fbnalyeis, rectangular  vortices have been distrib- 
uted d o n g  the lifting line of the wing. For swept wings, I;t would 
seem more reasonable to me  vor t ice i  having bound elements lying along 
the  quarter-chord  line. The preceding developm&nt remains valid f o r  
such a case  provided the damwash function F of  equation (2) ~ i s  replaced 
by the downwash function of a yawed vortex Fq. 

-Y 

e p(x, Y> 

, 
c 
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(y  - 1)cos $ i (x - tan *)sin l# x+tanl# 

c I/(y - 1)2 + (x - tan *I2 ] + *E- (ky + 1)* + (x + tan $)* I- 
The  symbol F$ represents  the  dawnwash  velocity  at  any point (x, y) 
caused  by a yawed  vortex of unit semiwidth and  circulation strength 
equal to h,. numerical  values of this dmwash function are presented 
in  table I. Expressions  for  obtaining F$ at  negative x positions 
along the vortex  center  line and for  negative yaw angles are 

APPLICATIONS ABD DISCUSSION 

Use  of  Computing Forms 

It has been  found  that  uae of 20 equal-width  vortices (N = 20) has 
generally  provided  satisfactory  loading  solutions in about 9 hours, 
including  solutions of the 10 simultaneous  equations by use of the Crout 
method in conjunction with manually  operated  automatic  computing  machines. 
The use of a relay  computer  would  reduce  the  time  required  to  about 
5 hours. Because of the  practicability of such a 20-step system, a com- 
puting form (with illustrative  values)  for  determining  the loading coef- 
ficients of swept  wings is presented  in  table 11, and  the  coefficients 
have  been  placed  in  the  expanded  form of the 10 simultaneous  equations 
(table In). A computing form for  determfning  the  loading  Coefficients 
of M or W plan-form wings is  presented  in  table N. 

- 
- 
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Comparison with  Other Methods 
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Twenty-step loadings (N = 20) fo r  seven  plan forms are compared with 
FaUmer's  lifting-surface results.  of references 5 and 6 (126 vortices 
and six  control  points modified for  center-line sweep discontinuity when 
indicated  as 126-6 modified) and with  results  of  the Weissinger method 
in   f igures  3 and 4. Five  of  the wings w e r e  mtapered and the rema-ng 
two wings were of tr iangular plan form. I n  the  following  discussion, 
the FaUrner lifting-surface  solutions  are  taken  as  the  best  available 
standard  of comparison. The aerodynamic-center  position, as calculated 
by the  Weissinger and 20-step method, is based on the   assuqt ion   tha t  
the  local  center of  pressure is  located  at   the  quarter chord. 

.- 

The most noticeable  disagreement of the  20-step method with  both 
the  Falkner and Weissinger  solutions l ies i n   t h e  excess  load  indicated 
a t  the tip. However, fo r  d l  plan forms shorn, the 20-step lateral 

center  of  pressure was i n  no case.  greater  than l$ percent semispan out- 
board of the  lifting-surface  value. 

The 20-step  lift-curve  slopes fo r  the.untapered wings were generally 
in   c lo se r  agreement with  the  lifting-surface results than were the 
Weissinger  values, &ich were in a l l  cases  lower  than  the lift slopes 
of FaUsner. For the  tr iangular plan forms, the  20-step lifk slopes were 
lower than Falkner's values,  but  the  dieagreement was no greater  than 
tha t  of the Weissineer method. 

The agreement of the 20-step aerodynamic-cente'r position  with  the 
lifting-surface  value was generally  satisfactory  except  at lower aapect 
ra t ios ,   par t icu lar ly   for   the  4F1-1 wing (designation  referring t o  sweep, 
aspect  ratfo, and taper   ra t io) .  This disagreement  resulted  primarily 
from the  incorrect  assumption  that  the  local aerodynamic cen te r   l i e s   a t  
the  quarter chord. 

A part icular  case fo r  tnich several theoretical  solutions  are  avai€- 
able is pre-aented in figure 4. In addi t ion  to  $he  camparison with, . 

Falkner's  lifting-surface  calculation  (fig. &(a) ) , loadings obtained by 
four basically similar modified l i f t ing- l ine  methods a re   i l l u s t r a t ed   i n  
figure 4(b) including  the method of  Schlichting  (reference 7). First ,  
it is  seen that the agreement of Falkner's  modified  lifting-line  loading 
with the  lifting-surface result is reasonable,  especially consider- 
the  calculation times involved.  Secondly, f o r   t h i s  moderate1.y high com- 
bination  of  aspect  ratio &nd sweepback, the center-loading  dip  appears 
t o  be exaggerated by the Weissinger method, and the lift slope is lowest 
f o r  this method. 

" . 

. " 

- 

. 

The theoretical  methods of  Falkner,  Weissinger, and Scfilichting a l l  
assume that   the  wing loading can be eqreseed   in   the  form of a Fourier 
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series. This aseuaptian is  not valid when there are rapid loading changes, 
and so the use  of  middle functions ia frequently necessary. It is  f e l t  
that  since In the  finite-step method  of this paper no form whatever is 
assumed f o r  the loading shape, involved treatment of  localized dips and 
bumps i s  effectively side-stepped. 

c 

” 

Modifications t o  =-Step Method 

Addition of extra  step  at t ip.-  Since use of 20 equal-width vortices 
generally provided an wereetimate of the  loading at the wkg tip,  the 
outboard step was replaced by two half-size  vortices  for  three plan f o m .  
T o  obtain downwash functions a t  uneven y values,  the charts of refer- 
ence 8 were used. Use of the extra t i p  step  increased  the w e r - u  time 
of calculation by 40 percent and disrupted  the rout ine  of the computation. 
TMS latter  factor makes computing more U f i c d t  and checking more 
involved. 

The effect of the  extra  step  (fig. 5 )  was t o  reduce the t i p  loading 
with l i t t l e  change i n  inboard load grading. Since the Fnboard load 
grading is the primary factor in the determination of theoretical down- 
wash, it i s  seen that on the basis of these  limited results, use of an 
extra  step a t  the t i p  would  have negligible  effect on damwash calculations. 

In comparing these  loadings  with  those of Fa+er (f igs .  3(d) and 
4(a)) ,  it i s  seen that use  of the extra t i p  step did not effect any 
marked  improvement -.the agreement of mer-all loading shape or  aero- 
dynamic parameters with lifting-surface resu l t s .  

. 
Effect of yawed vorticee and number of steps.- The effect of yawed 

vortices on a calculated span loading is negligible i f  the  control  points 
are  located a sufficiently  large number of horseshoe semiwidths behind 
the llft5n.g l ine s o  that yawing of the bound vortex b e e  not modify the 
lwding  coefficients Fvn t o  any important degree. However, there  are 
several  factors which would tend t o  increase  the damwash contribution 
of the bound vortices: reduced nmber of  steps,  increased  aspect  ratio, 
increased sweep, decreased taper rat io ,  and/or reduced section lift- 
curve slope. Although no consistent  investigation of the aforementioned 
factors has been  made, limited results using yawedvortices  are  presented 
i n  figure 6. 

For a moderately high  aspect  ratio, it is seen that the use of yawed 
vortices had a negligible  effect on the 20-step span loading (fig.  6(a)). 
However, the use of 10 yawed vortices provided a better .estimate of the 

would be expected, the  effect of y-awed vortices on e p n  loading was 
negligible  for low-aspect-ratio wings. (See figs. 6(b) and 6(c).) ‘ 

- =-step  loading  than did an equal’number of rectangular  vortices. As 

- 
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While the l i f t  slopes  obtained by using yawed vortice's were generally 
different  from the  values for rectangular  vortices, no consiatent  effect 
was observed and, f o r  a l l  cases  calculated, the difference was less  than 
2 percent. I 

In addi t ion  to   the results presented, it has been found from loading . 

calculations  for  several  untapered 45O sweptback wings froin aspect  mtios 
of 1.3 t o  5.2 tha t  10 rectangular  vortices were sufficient:   to  provide 
lift slopeB tha t  w e r e  in   c lose  agreement with both  experimental  values 
and with the  modified  lifting-line  results of reference 9.. _" 

II - 

Effect  of  sectian  lift-curve  slope.- A commonly used method for  
calculating  the  incompressible aerodynamic characterist ics of wings 
having a section  l if t-curve slope other  than 2n involves a change in 
the control-point  location i n  the   ra t io  of a0/25r. (See reference 9. )  
A limited  study  of the effects  of a. change on t h e   s p a k s e  load dis- 
tr ibution  has been made by ut i l iz ing  the aforementioned  cohtrol-point 
concept  and  the methods of the  present  paper, and the  resul ts  are pre- 
sented  in  f igure 7. A change in a. of  10 percent  produced o n l y  minor 
changes in   the  spanwise load distributions. A more substantial   effect  

on load  distribution i s  evident, hawever, for  a 33L- percerit  reduction 
i n  . a. and the computing sheets  (for exmuple, table 11) &ve been s e t  
up t o  include  the  effect of section lift slope  based on the control- 
point  concept. The problem of the  proper  airfoil  section t o  use in 
determining a. is discuesed  briefly i n  reference 9. The 'effects of 
section l i f t  elope on wing lift slope are  also  presented  in.  figure 7- 
and the  effects sham can be computed frm equation (8) of ,reference 10. 

3 

Additional  applications of method.- The ve r sa t i l i t y  of  the f ini te-  
step method makes it particularly useful f o r  unusual problems, such  as . - 

M and W plan-form calculations. Moreover, the method is readily adaptable 
to  the  calculation of  loading estimates f o r  twisted and cambered wings, 
estimation of the   effect  of  e l a s t i c  deformation on aerodynamic parameters, 
loading calculations f o r  coupled aircraf t ,  and problems e q u i r i n g  a 
method tha t  may be readily  understood and adapted. 

. ._ 
. .  

. 

Results for an N and a W Plan Form 

An example of a plan form f o r  which the use of  the  finite-step 
method is  par t icular ly  suited i s  the wing of M or W plan form. The 
incompressible  loadings  for the sweptback M and W uings of figure 8 
are  presented  in figure g(a). The Prandtl-Glauert  transformation  has 
been  used t o  obtain the compressible  loadings (Mach  number of 0.7) for 
these same wings (fig.  g(b)) .  The calculated  effect of Mach number  on 
load  distribution was relat ively small (at M = O.7), a i l e  the  lift-curve 

.. . 

- 

It 

" 

.I - - - E  
- 



slopes of d l  three ufngs were increased by nearly  the same percentage 
with increase in  Mach number.  Moreover, the l i f t  slopes of  the M and 
W UFngs were essentially equal t o  the values f o r  the comgarable  swept- 
back wing a t  both zero and 0.7 Mach  numbers. 

- 

The W w3ng of figure 8 has been &OEW to  i l lustrate  the  effect  of 
number  of stepa and of yawed vortices on span loading. It is seen that 
the  calculated  loading at the t i p  is reduced slightly by the use of 
40 steps in phce of x). (See fig.  lo.)  The over-a=  change in lading 
shape and aerodynamic parameters was negligible fo r  the case investigated. 
The span loadings obtalned u s i n g  rectangular and yawed vortices  are also 
presented; the  over-all accuracy W ~ E  essentially eq-1 using ;yawed or  
unyawed vortices. 

Comparison of loading results by using 20 step8 with lifting-surface 
results indicated  that  the  %step method generally overestimated the 
amount  of loading at  the wing t ip .  However, valueeof lift-curve slope, 
lateral  center of  pressure, aerodynan€c center, and loading shape across 
the inboard three-quarter semispan by using the =-step method  were 
generally in  satisfactory agreement with lifting-surface  results. 
Although  use of 811 exLra step a t  the wing t i p  provided aome improvement 
i n  the  load  distribution near the t ip ,  the  mer-all improvement dld not 
appear t o  warrant the extra calculation time involved. For a repreeenta- 
tive W plan form, it w m  found that use of x) steps provided a span 
loading that was essentially i n  agreement w i t h  40-step results. 

I 
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NACA RM ~ 5 0 ~ 1 3  - 
L 

X 
30° 45O 600 

y = o  
~~~~ ~ 

-3.8416 
-3.7347 
- 3 . 6 3 3  
-3.5335 
-3.437 
-3.3476 

-5.7634 
-5. a67 
-5.4784 
-5- 3452 
-5. a68 

II I 
0.57 
.58 
.59 .a 
.61 
.62 
.63 

-2.3613. 
-2.3003 
-2.2416 
-2.1851- 
-2.1305- 
-2. on9 

-5.0929 
-4.9734 
-4.8580 
-4.7465 
-4.6387 
-4.5344 
-4.4335 
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TABLF1 I.- DOWNWASH mMCTION Fq(q, x, y) FOR YAWD VORTICES - Continued 

X 
30' 45O 6oo 

Y = o  

0.64 
65 
.66 
67 .€a 
70 
72 
74 
76 
-78 
.Bo 
.82 
.84 
.86 .88 
90 
92 
.94 
96 

* 98 
1.00 
1.05 
1.10 
1.15 
1.20 
1.25 
1.30 
1.35 
1.40 
1.50 
1.60 
1.80 
2.00 
2.40 
3.00 
4.00 
6.00 
10.00 
20.00 40.00 
60.00 

-2.0272 

-1.9308 

-1.8409 

-1.9781 

-1.8851 

-1.6780 
-1.6041 
-1.5348 
-1.4696 
-1.4082 
-1.3504 
-1.2959 
-1.2444 
-1 1957 - 1.1497 
-1.1061 
-1.0649 
-1.037 
-.w - .9533 -. 8725 
-.&Ill - 7376 - ,6911 - .6306 - .353 - .*45 -. !wi7 - .4441 - .3915 - -3103 -. 2517 - -1749 

-1.7567 

- .1118 - .0628 

-2.6620 
-2.5982 
-2.5366 
-2.4769 
-2.4192 
-2.3091 
-2.2056 
-2.1083 
-2.0166 

-1.8487 
-1. m6 

-1.9302 

-1- 6987 
-1.6297 
-1.5643 
-1.5023 
-1.4435 
-1.3876 
-1.3345 
-1. a841 
-1.2361 
-1.1259 
-1.0251 - .9412 - .#8637 - .7944 - 7323 - .6766 - .6265 - .5404 
-.4699 - .3632 -. 2882 

-4.3359 

-4.0607 
-3.9744 
-3.8095 
-3.6540 
-3.50n 
-3.3682 
-3.2365 
-3.1117 
-2.9932 
-2.8806 
-2.7734 
-2.6712 
-2.5739 
-2.4810 
-2.3923 
-2.3074 - 2.2263 
-2.1486 
-1.9684 
-1.80% 
-1.6588 
-1.5255 
-1 4043 
-1.2939 
-1.1931 
-1.1011 - 9399 
-.8047 - .5962 - 4495 -. 2725 -. 1505 -. 0743 - .0300 -. 0103 -. 0025 - .om6 - -0003 

-4.2413 
-4.1496 

- 

E -&.00 -20.00 
-10.00 
-6.00 
-4.00 
-3.00 
-2.00 
-1.50 
71. x) 
-1.00 -.80 -.6o -. 40 -. 30 -. 20 
-.lo .oo 
.10 
.a 
* 30 .40 .60 .80 
1.00 
1. 20 
1.50 
2.00 
3.00 
4.00 
6.00 
10.00 
X). 00 
60.00 

y = 2  

-1.3331 
-1- 3309 
-1.3236 
-1.3078 
-1.2813 
-1.2513 
-1.1922 
-1.1410 
-1. oggo 
-1.0648 
-1.0244 -. 9771 
-.9=7 
-.8m - ,8576 - -8223 
- 0  7847 - 7453 - -7042 - .6618 - .61_88 - - 5333 - -4528 
- 3813 
"3206 - .2488 - .1@1 -. 0897 - .0546 - .0260 
-.w7 - . o o a  -. 0003 

y = -2 

-60.00 
-20.00 
-10.00 
-6.00 
-4.00 
-3.00 

~ 

-1.3332 
-1.3308 
-1.3234 
-1.3067 
-1.2783 
-1.2469 
-1.1900 
-1.1462 
-1.1131 
-1.0878 
-1.0595 
-1.0280 
"9929 - 9740 
"9540 - 9329 - -9107 - -8873 - 8628 -. 8373 -. 8099 - 738 - ,6986 
-.62O7 - 5494 
-.44og -. 2836 -. 1220 
- 0  0657 -. 0&2 - .0100 -. 0025 - .om3 
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TABLE I.- DOTJNWASH FUNCTION Fq(S, x, y) FOR YAWED VORTICES - Continued 

y = 4  y = -2 I 
-2.00 
-1.50 
-1.20 
-1.00 -.80 -. 60 -. 40 -. 30 
-.a -. 10 .OO 
.10 .20 
30 

.40 .60 .80 
1.00 
1.20 
1-50 
2.00 
3.00 
4.00 
6.00 
10.00 
X). 00 60.00 - 

-1.1381 
-1.034.0 - .9420 - -8695 

- 9  1887 - -7069 - .6275 
- 0  5897 
- 0  5536 - .5192 - -4866 - 4559 - .42"l. -. 4ooo 
= 3747 
- 0  3290 -. 2892 - -2546 

~~ 

- .2247 -. 1870 -. 1396 -. 0824 -- 0525 - m0257 - 0097 - ,0025 - . a303 

5.00 
10.00 20.00 
60.00 

-0.0280 -. 0090 - -0024 - -0003 

-0.0287 
-.OOgl - .0024 -. m 3  

-b. 0304 
-.0092 - 0024 -. 0003 

-1 049  7 - .8924 -. 7840 -. m6 -. 6447 
-*. 5815 - 5235 -. 4964 -. 4706 -. 4460 
-.4226 -. 4005 - 3794 
- 0  3594 -. 3404 - 3053 - 2738 - .2455 -. 2202 - -1872 - -1433 - -0864 - .0551 - .0266 
-.w - .0025 -. 0003 

-60.00 
-10.00 
-5.00 
-3.00 
-2.00 
-1.00 -. 20 .20 
1.00 
2.00 
3.00 
5.00 
10.00 
20.00 69.00 

y = 6  

-0.1140 I -0.1140 -0. u40 - . I l l9  - .lo63 -. 0898 
-.0807 -. 0689 -. 0599 
- 0  0505 - 0373 -. 0267 - .0082 - .0024 
-.0003 

-60.00 
-20.00 
-10.00 
-4.00 
-2.50 
-1.00 .00 
1.00 
2.50 
4.00 
10.00 
x).00 60.00 

- . u 9  -. 1064 -. 0896 
-.0801 -. 0676 - . o s 1  

- 0 0354 -. 0234 - .00m -. 0023 -. 0003 

- .OM4 

- . 1 n g  - .lo64 
-.a398 -. 0804 -. 0681 - .os8 - .0@1 - .036O - .0258 -.oO80 - .0024 -. 0003 

y = 4  
t- -0.2664 -- 2577 

- 0  2395 - . u 7 6  - . lggl 
- 0  1737 - .1486 -. 1351 - .1on -. 0773 - .0546 

-60.00 
-10.00 
-5.00 
-3.00 
-2.00 
-1.00 -.x) .x) 
1.00 
2.00 
3.00 
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TABIX I. - IKWNWASE ZWNCTION F&(S, x, y) FOR YAmD VORTICEB - Continued 

X 

30° I 45O 1 €ao 
I I 1 

y = 10 

-60.6 -20.00 
-10.00 

-4.00 
-2.50 
-1.00 . 00 
1.00 
2-50 
4.00 
10.00 
20.00 
60.00 

-0.1140 
-.lug 

-0.ll40 

-.lo63 1 -.lo63 -.Ill9 

- .0659 - .065r 
i - .os2 -.om5 

1 -.OH39 -.a5 
' -.0@9 -.Om3 

-.OUT - -0339 - .0341 -.Ob61 

- W79 -. 0079 - 0245 - -0246 
- .0023 -. 0023 
-.OW3 -. 0003 

y = 8  

-0.1140 
- . u y  - .lo61 - .0876 -. o n 0  -. 0638 
-.0544 - -0454 -. 0336 - ,0245 
- . o m  - -0024 - .om3 i -60.00 -0.0401 

-15.00 -. 0370 
-5.00 -. 0292 
-1.00 -.022l 
1.00 -.0181 
5.00 -. 0110 
15.00 -.0034 
60.00 -. 0003 

Y =  

I ' -0.0401 - 0370 -. 0292 
~ -.02m - .0180 - . all0 - .0034 - .om3 
12 

.0m1 

-. 0290 - . oug -. 0179 - . ollo -. 0034 

-. 0370 

- .ow3 
-60.00 
-13.00 
-7.00 
-3.00 
-1.00 
.oo 
1.00 
3.00 
7.00 
15.00 60.00 

-0.0632 -. 0598 - -0528 -. 0432 - .036O 
- .0280 -. 0207 - .om8 
-.0003 

-. 0320 

-. 0037 
-60.00 
-15.00 
-5.00 .00 
5. 00 
15.00 60.00 

-0.0277 - 0249 
~ 

-.0194 - .0140 -. 0086 -. 003 
, -. 0003 y = -8 I 

t 
-60.00 

-7.00 
-3.00 

-15.00 

-1.00 . 00 
1.00 
3-00 
7.00 
15.00 60.00 

-0.0632 - -0598 - .0526 
-. 0352 - 0312 - -0273 -. 0202 - .om6 -. 0037 - -0003 

- .0426 
-0.0632 

- . O W  - -0524 - -0422 - -0348 - 9 03w - .0270 
-.0200 - .0106 - .0037 - .#03 

-60.00 
-15.00 
-5.00 . 00 
5.00 
15.00 60.00 

-0.0277 - .02@ - .0192 -. 01% -. 0085 - .0030 -. 0003 
L 
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TABU I.- IXTNCTIOR Fq($, x, y) FOR YAWED VOKcICE3 - Concluded 

30° 450 600 

18 Y' 

-I- ~ -0.0202 -0.0202 - .0162 -. 0162 
-.ox5 -.0125 
-.0081 -.oo82 -. 0043 - .0043 
-.0003 - . 0 3  

-60.00 
-10.00 
-3.00 

3.00 
10.00 60.00 

-0. o s 2  - .0162 - .OX& -. 0081 - . 0043 
-.0003 I 

y = a 8  

-69.00 
-10.00 . 00 
10.00 
40.00 

-0.0121 
- . w 2  - .0062 - -0032 
- m o o 0 5  

-0.0121 
-.0092 -. 0062 -. 0032 -. 0005 

-0.0121 

- .0062 -. 0032 
-0.0202 - .0162 - .0124 -. 0081 -. 0043 -. 0003 

-0.0202 - .0162 
- . O W  -. o080 - .0043 
-.0003 

y = 2 0  

y = 16 
I I I 

-60. qo 
-10.00 
-2.00 
2.00 
10.00 40.00 

-0.0154' 
- . om -. 0088 
- =  0069 
- 9  0037 -. 0006 

-0.0154 - .0120 -. 0088 -. 0069 
- 9  0037 -. oO06 y = -20 

I t I 
1 -60.00 

-10.00 .OO 
10.00 40.00 

-0. oog8 -. 0072 -. 0050 
-.ma -. 0005 

y = -16 -0.oog8 -0.ooga -.mn -.0072 
-.0050 -.oO50 -. 00& -.OW8 
- . m 5  -.a305 

1 

t 1 I -60.00 -0.019 
-10.00 -. 0120 
-2.00 0.0088 

2.00 -.ma 
10.00 -.0037 
40.00 -.Oo06 

-0.01% -0.019 
- . o m  - . o m  
-.om8 -.0088 -. 0068 -.0068 -. 0037 -. 0037 
-.ooO6 -.ooO6 
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~ A C A  RM ~ 5 0 ~ 1 3  

- 0  

Y 

Y 

L F  

Section A-A 
=ipx.&7 

Figure 1.- Vortex pattern, eystem of axes, and subscripts used in calcu- 
l a t ion  of span ladings by f ini te-s tep method (M = 10). 
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Figure 3.- A comparison of =-step loadings with results of the Wlkner 

and Weissinger methods. - 
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Figure 3 . -  Continued. 
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Figure 3 . -  Concluded. 
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Figure 5.- The effect of an extra vortex located near the w i n g  tip compared 
w i t h  -step results. - 
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Figure 6. - Effec t  of yawed vor t ices  and number of steps on span loading. - 
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Figure 7.- Effect of section lift slope on span loading. 
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Figure 8.- Plan-fom d3mnssiona of sweptback, W-, and M-Ws ueed a8 
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Figure 9. - Twenty-step loadings for sweptback, M-, and W-wings having 
45' swept panels,  aspect ratio 6, and taper r a t i o  0.6. 
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